INTRODUCTION
Colorectal cancer is a leading cause of cancer morbidity and mortality worldwide (Jemal et al., 2008) . In the United States alone, 160,000 people are diagnosed with colorectal cancer every year, and close to 60,000 of these patients will die from their disease (Markowitz and Bertagnolli, 2009 ). Colorectal cancer begins as a benign adenoma and progresses through the adenoma-carcinoma sequence to eventually acquire features of an invasive cancer with metastatic potential (Humphries and Wright, 2008) . Numerous genetic changes occur throughout the evolution of the tumor; however, hyperactivation of the Wnt/β-catenin signaling pathway is largely regarded as the initiating event underlying colorectal cancer development, and sustained activation of β-catenin signaling is required for tumor progression (Oving and Clevers, 2002; Gavert and Ben-Ze'ev, 2007; Markowitz and Bertagnolli, 2009 ).
In the normal adult intestinal epithelium, Wnt/β-catenin signaling preserves the crypt stem cell population and drives epithelial cell proliferation, thereby contributing to epithelial cell renewal and the maintenance of tissue homeostasis (Pinto and Clevers, 2005) . Central to the regulation of Wnt/β-catenin signaling is the control of the protein stability of β-catenin, the core effector molecule of this pathway. In the absence of the appropriate Wnt signals, β-catenin is targeted for degradation by a destruction protein complex-containing Axin, glycogen synthase kinase 3β (GSK-3β), and adenomatous polyposis coli (APC)-which binds to and phosphorylates the N-terminus of β-catenin, leading to its ubiquitination and degradation by the proteasome (Jin et al., 2008) . Inhibition of the destruction complex allows the cytosolic accumulation and nuclear localization of β-catenin, where it cooperates with T-cell factor (TCF)/ lymphoid enhancer factor family members to mediate the transcription of proproliferative genes (Clevers, 2006) . The most common mutations in colorectal cancer inactivate the gene that encodes APC, leading to constitutive activation of Wnt/β-catenin signaling and hyperproliferation of cells. Other mutations include those in the N-terminal sequence of β-catenin, which interfere with the ability to Wang et al., 2007) . To investigate whether Dsc2 influences β-catenin signaling in colonic epithelial cells, we down-regulated Dsc2 expression in SK-CO15 cells using RNA interference. Dsc2 down-regulation was confirmed by immunoblot analysis and immunofluorescence labeling/confocal microscopy ( Figure 1A ). Dsc2-specific small interfering RNA (siRNA) did not decrease the total protein levels of other cadherin superfamily members Dsg2 or E-cadherin (E-cad), thus demonstrating the specificity of the siRNA for Dsc2 ( Figure 1A ). To assess β-catenin following Dsc2 knockdown, we first examined total protein levels of β-catenin by immunoblotting. Dsc2 down-regulation did not significantly alter total levels of β-catenin ( Figure 1B ). However, because total protein levels of β-catenin do not necessarily correlate with its transcriptional activity, we also used a luciferase-based transcriptional reporter assay (TOP Flash) to measure β-catenin-dependent transcription in cells with decreased Dsc2 expression . Cells were cotransfected with control or Dsc2-specific siRNA and the TOP reporter plasmid containing the β-catenin/TCF binding motifs. A parallel set of cotransfections was carried out using the FOP plasmid with mutated binding sites as a negative control. At 72 h after transfection, luciferase activity was assessed in control and Dsc2-deficient cells. As shown in Figure 1C , β-catenin/TCF signaling was significantly increased approximately fivefold in cells with decreased Dsc2 expression. Importantly, down-regulation of Dsc2 enhanced β-catenin transcriptional activity in other epithelial cell types, including the colonic epithelial cell line Caco-2 (Supplemental Figure 1 ), and in renal epithelial Madin-Darby canine kidney cells (unpublished data), demonstrating that this effect is not specific to the SK-CO15 cell line. To further verify increased β-catenin/TCF transcriptional activity, we analyzed the protein levels of β-catenin/TCF target genes, CD44 and cyclin D1 (Wielenga et al., 1999; Rimerman et al., 2000) . In keeping with the reporter assay results, we observed up-regulation of CD44 ( Figure 1D ) and cyclin D1 (unpublished data). To confirm that the effects we observed in these cells were due to β-catenin, we utilized siRNA to down-regulate the expression of Dsc2, β-catenin, or both proteins ( Figure 1E ). Indeed, TOP Flash activity following Dsc2 downregulation was completely inhibited by β-catenin knockdown ( Figure 1F ). These findings demonstrate that the increased β-catenin activity induced by Dsc2 knockdown was mediated by β-catenin and was not due to TOP Flash reporter activation by another catenin family member.
Because Dsc2 down-regulation enhanced the transcriptional activity of β-catenin, we investigated whether β-catenin could be regulated through association with Dsc2 in a protein complex, as has been reported for the classical cadherins. Studies in keratinocytes and coimmunoprecipitation experiments with Dsc and Dsg have shown that β-catenin does not directly associate with desmosomal cadherins, although conflicting results have been reported (Bierkamp et al., 1999; Wahl et al., 2000) . To our knowledge, no studies to date have examined the interaction of Dsc2 and β-catenin in intestinal epithelial cells, and to address this possibility, we first determined whether Dsc2 could coimmunoprecipitate with β-catenin in SK-CO15 cells. As shown in Supplemental Figure 2 , B and C, coimmunoprecipitation experiments failed to reveal association of these proteins. To further verify this result, we expressed full-length Dsc2 protein in CHO cells, which express β-catenin but lack cadherin family members (Niessen and Gumbiner, 2002; Nava et al., 2007) . Consistent with our results in SK-CO15 cells, immunoprecipitation experiments failed to reveal an association between Dsc2 and β-catenin (unpublished data). In contrast, exogenous expression of E-cadherin, which is known phosphorylate and degrade the protein (Markowitz and Bertagnolli, 2009) . In addition to Wnt signaling and regulation via the destruction complex, Wnt-independent mechanisms also modulate β-catenin-dependent transcription. Notably, regulation of β-catenin by the cadherin family of cell adhesion molecules has received significant attention in the field of tumor biology and, more recently, the PI3K/Akt signaling axis has been shown to promote β-catenin signaling and cell proliferation in mouse models of intestinal carcinogenesis and inflammation (He et al., , 2007 Lee et al., 2010; Nava et al., 2010) .
Classical cadherins such as E-cadherin and N-cadherin directly bind β-catenin, and this interaction is essential for their function as cell adhesion proteins (Nelson and Nusse, 2004) . In addition, by associating with β-catenin, these proteins sequester β-catenin at the cell membrane and antagonize its transcriptional activity in colon cancer cells (Sadot et al., 1998; Gottardi et al., 2001; Stockinger et al., 2001) . Down-regulation of E-cadherin has been shown to promote β-catenin/TCF transcription in a number of cancer cell types (Eger et al., 2000; Kuphal and Behrens, 2006) , and this is one general mechanism by which loss of cell adhesion proteins is thought to contribute to tumor progression.
Desmosomal cadherins, consisting of desmocollin (Dsc 1-3) and desmoglein (Dsg 1-4) family members in humans, do not interact with β-catenin (Kowalczyk et al., 1994b; Wahl et al., 2000) but have been proposed to regulate β-catenin signaling through various mechanisms (Chen et al., 2002; Merritt et al., 2002; Hardman et al., 2005) . However, in contrast to the extensively studied classical cadherins E-and N-cadherin, very little is known about the regulation of β-catenin signaling by the desmosomal cadherins and whether these proteins have a role in tumorigenesis (Chidgey and Dawson, 2007) . In the human intestinal epithelium, only desmocollin-2 (Dsc2) and desmoglein-2 (Dsg2) are expressed (Holthofer et al., 2007) . Recently, it has been reported that Dsc2 is down-regulated in colon carcinomas (Khan et al., 2006; Funakoshi et al., 2008) , suggesting that loss of Dsc2 may contribute to colorectal cancer development and/or progression. However, complementary mechanistic studies are lacking.
Here we investigated the effect of Dsc2 down-regulation on the behavior of nontumorigenic, transformed colonic epithelial cells. For our studies, we used the colonic adenocarcinoma-derived SK-CO15 cell line (Anzano et al., 1989; Lisanti et al., 1989) , which has constitutive activation of β-catenin/TCF signaling due to an APC mutation (Rowan et al., 2000) but retains features of a differentiated intestinal epithelium (growth as a monolayer, apical-basal polarity, and formation of intercellular adhesive junctions, including tight junctions, adherens junctions, and desmosomes) and has the added advantage of being amenable to transfection (Ivanov et al., 2007; Nava et al., 2007) . Our results demonstrate that down-regulation of Dsc2 directly contributes to tumor progression and enables tumor cell growth in immunodeficient mice by promoting cell proliferation and transformation through the activation of Akt/β-catenin signaling. Collectively, these results highlight a previously unrecognized contribution of Dsc2 loss to the malignant transformation of intestinal epithelial cells and will help to reevaluate the role of the desmosomal cadherins in tumorigenesis and epithelial homeostasis. FIguRE 1: Loss of Dsc2 leads to activation of β-catenin/TCF-dependent transcription without inducing accumulation of total β-catenin. (A) SK-CO15 cells were transfected with Dsc2-specific siRNA (siDsc2) in parallel with a nontargeting siRNA control. Knockdown of Dsc2 expression was confirmed by immunoblot (left panel) and immunofluorescence labeling/confocal microscopy (right panel; green, Dsc2; scale bar is 50 μm). Protein levels of other cadherin family members, E-cadherin (E-cad) and Dsg2, are not down-regulated following treatment with Dsc2 siRNA, demonstrating the specificity of the siRNA for Dsc2. (B) Protein extracts from control siRNA and Dsc2-specific, siRNA-transfected SK-CO15 cells were immunoblotted and probed with antibodies against β-catenin and actin and the expression levels quantified by densitometry. The graph represents mean ± SD from three independent experiments. (C) Luciferase-based reporter assay for β-catenin/TCF-dependent transcription (TOP Flash). SK-CO15 cells were cotransfected with control or Dsc2-specific siRNA and the β-catenin luciferase reporter plasmid (TOP) or a negative control plasmid (FOP). At 72 h posttransfection, luciferase activity was assessed. The results are representative of at least five independent experiments. (D) Immunoblot analysis of known β-catenin/TCF target, CD44, using an antibody that detects all variant forms; expression levels were quantified by densitometry. The graph represents mean ± SD from three independent experiments. (E) SK-CO15 cells were transfected with control, Dsc2 (siDsc2), β-catenin (siβ-catenin), or Dsc2 and β-catenin-specific siRNAs. Knockdown was confirmed by immunoblot using Dsc2 and β-catenin-specific antibodies. Actin is included as a loading control. (F) SK-CO15 cells transfected with the indicated siRNAs along with the TOP or FOP luciferase reporter plasmids, as described in (C).
RESULTS

Loss of
to interact directly with β-catenin, coimmunoprecipitated with β-catenin and induced β-catenin membrane localization in CHO cells (unpublished data). Thus these data are in agreement with published reports demonstrating that desmocollin does not associate with β-catenin in a protein complex (Kowalczyk et al., 1994a (Kowalczyk et al., , 1996 . Down-regulation of Dsc2 induces β-catenin signaling through activation of Akt Because we did not observe an interaction between Dsc2 and β-catenin, we explored other mechanisms by which Dsc2 loss could activate β-catenin signaling. It has been shown that the serine/threonine kinase Akt, also known as protein kinase B, can regulate β-catenin-dependent transcription either by inhibiting GSK-3β or by directly phosphorylating and activating β-catenin (Sharma et al., 2002; He et al., 2004 He et al., , 2007 Tian et al., 2004; Fang et al., 2007) . We therefore investigated whether Akt could mediate the effects of Dsc2 down-regulation on β-catenin signaling. Indeed, in cells with down-regulated Dsc2 expression we observed increased phosphorylation of Akt at Ser-473 and Thr-308, which is consistent with Akt activation (Figure 2A) . Because the phosphorylation and activation of Akt depends on the generation of phosphatidylinositol-(3,4,5)-triphosphate (PIP 3 ) in the inner cell membrane, we also examined the levels of PIP 3 in control and siDsc2 knockdown cells. As shown in Figure 2B , PIP 3 levels are consistently increased in Dsc2-deficient cells, in agreement with the observed increase in Akt activity. To further determine the contribution of Akt activation to increased β-catenin signaling, we utilized a specific Akt inhibitor, triciribine (API-2/Akt inhibitor V), and assessed its effect on β-catenin-dependent transcription (Yang et al., 2004; Koon et al., 2007) . As shown in Figure 2C , treatment of cells with triciribine effectively reduced the activation of β-catenin/TCF signaling following Dsc2 down-regulation, as determined by the TOP Flash reporter assay (threefold decrease compared with dimethyl sulfoxide [DMSO] alone). Because active phosphoinositide 3-kinase (PI3K) catalyzes the formation of PIP 3 and thereby promotes the activation of Akt, we next investigated the influence of PI3K inhibition on β-catenin-dependent transcription. Analogous to the results obtained with Akt inhibition, we observed that treatment of Dsc2 knockdown cells with a PI3K inhibitor, LY294002 (Vlahos et al., 1994) , also reduced β-catenin transcriptional activity ( Figure 2D ; 4.7-fold decrease compared with DMSO alone). To confirm that Akt mediates the activation of β-catenin signaling in Dsc2-deficient cells, we performed knockdown experiments using specific siRNAs against Dsc2, Akt, or both proteins and examined the effects on β-catenin-dependent transcription (Supplemental Figure 3) . Consistent with the results obtained using the Akt and PI3K inhibitors, targeted depletion of Akt also reduces the activation of β-catenin signaling following Dsc2
FIguRE 2: Inhibition of PI3K/Akt signaling reduces β-catenin activation following Dsc2 knockdown. (A) Western blot analysis of Akt activation status following Dsc2-specific siRNA treatment. Phospho-specific antibodies against phosphorylated Akt (Ser-473 or Thr-308) and total Akt were used and the expression levels quantified using densitometry. Graphs represent the mean ± standard error of the mean (SEM) from at least three independent experiments. (B) PIP 3 content of control vs. siDsc2 knockdown cells. Total cellular PIP 3 was isolated as described in Materials and Methods. The graph represents the densitometric quantification of two independent experiments; mean ± SD. (C) SK-CO15 cells were transfected with the indicated siRNAs along with the TOP or FOP luciferase reporter plasmids. At 12 h after transfection, the cells were treated with the Akt inhibitor triciribine or vehicle alone (DMSO). At 72 h posttransfection, luciferase activity was assessed. (D) SK-CO15 cells were transfected with the indicated siRNAs along with the TOP or FOP luciferase reporter plasmids. At 12 h after transfection, the cells were treated with the PI3K inhibitor LY294002 or vehicle alone (DMSO). At 72 h posttransfection, luciferase activity was assessed. (E) Cells stably expressing Dsc2-specific shRNA (shDsc2) or vector-alone control plasmid (control) were grown in the presence of triciribine or vehicle only (DMSO). Protein extracts from each condition were assayed for expression of the indicated proteins by immunoblot. Actin is included as a loading control. (F) Luciferase-based reporter assay for β-catenin/TCF-dependent transcription (TOP Flash) in control and shDsc2 cells. Cells were cotransfected with the β-catenin luciferase reporter plasmid (TOP) or a negative control plasmid (FOP). At 12 h after transfection, the cells were treated with the Akt inhibitor triciribine, PI3K inhibitor LY294002, or vehicle alone (DMSO). At 48 h posttransfection, luciferase activity was assessed.
down-regulation. These results suggest that PI3K/Akt signaling contributes to increased β-catenin-dependent transcription in Dsc2-deficient cells.
Sustained down-regulation of Dsc2 activates Akt/β-catenin signaling
Transient down-regulation of Dsc2 allowed the characterization of signaling events and changes in cell behavior at short time periods following Dsc2 loss. To examine the long-term effects of Dsc2 down-regulation, we developed a stable cell line expressing short-hairpin RNA (shRNA) against Dsc2 (Supplemental Figure 4) . Consistent with results obtained with transient Dsc2 knockdown, we observed a 3.5-fold increase in the level of β-catenin-dependent transcription, increased CD44 expression, and increased Akt activation (Supplemental Figure 4 , C and D) in the stable Dsc2 knockdown cells (shDsc2). In addition, immunofluorescence analysis revealed a prominent nuclear localization of β-catenin in cells with decreased expression of Dsc2, consistent with enhanced activation of β-catenin signaling (Supplemental Figure 5A , arrows). To confirm that the increase in β-catenin signaling was dependent on Akt, we treated control and shDsc2 cells with the Akt inhibitor triciribine. As shown in Figure  2E , treatment with triciribine diminished the activation of Akt, as determined by immunoblot analysis of phosphorylated Akt (Ser-473 and Thr-308), and reduced the expression of the β-catenin/TCF target CD44 ( Figure 2E ). In addition, Akt inhibition resulted in decreased nuclear localization of β-catenin (Supplemental Figure 5A ) and decreased β-catenin/TCF-dependent transcription in shDsc2 cells ( Figure 2F ). Furthermore, we observed that Akt inhibition enhanced the membrane staining of β-catenin in control cells, an effect that was not seen in shDsc2 knockdown cells (Supplemental Figure 5A ). Taken together, these data support the conclusion that PI3K/Akt regulates β-catenin signaling in Dsc2-deficient cells.
Loss of Dsc2 promotes the nuclear localization of p(Ser-552)-β-catenin
Next we examined the mechanism by which Akt enhances the activity of β-catenin in Dsc2-deficient cells. As mentioned above, previous work has shown that Akt promotes β-catenin-dependent transcription by phosphorylating and inhibiting GSK-3β (Ser-9) and/or by activating β-catenin through direct phosphorylation at Ser-552. Therefore we assessed the phosphorylation status of these Akt target residues using eration following Dsc2 knockdown. Control and Dsc2 knockdown cells were cultured for 2 d in the presence of triciribine, GW2974, or vehicle alone (DMSO), and EdU incorporation was used to measure the number of proliferating cells in each condition. Inhibition of either EGFR or Akt prevented the increase in cell proliferation following transient (unpublished data) and stable Dsc2 down-regulation (Akt inhibition, Figure 4C ; EGFR inhibition, Supplemental Figure  6B ). In addition, when cells were cultured for longer time periods (4-5 d) in the presence of triciribine, we observed that cells with reduced Dsc2 were more sensitive to Akt inhibition than their control counterparts. As shown in Figure 4D , shDsc2 knockdown cells no longer grew as adherent monolayers and large gaps were observed between cell colonies, suggesting that triciribine treatment induced cell detachment and/or death, an effect that was not observed in control cells. Taken together, these results suggest that Dsc2 regulates an EGFR/Akt/β-catenin signaling axis and that, in the absence of Dsc2, cell proliferation and/or survival is dependent on Akt/β-catenin signaling.
Down-regulation of Dsc2 promotes cell invasion and xenograft tumor formation in mice
In addition to enhancing cell proliferation, aberrant activation of β-catenin signaling is also thought to contribute to the transformation of colonic epithelial cells, enabling cells to eventually acquire an invasive phenotype Birchmeier et al., 1993; Shimizu et al., 1997) . Consistent with the notion that Dsc2 loss enhances cell transformation, SK-CO15 cells stably expressing Dsc2 shRNA lacked the classical epithelial phenotype and were less cohesive than their Dsc2-expressing epithelial counterparts ( Figure 5A ). To analyze the invasive growth potential of cells lacking Dsc2, cells were cultured in a three-dimensional extracellular matrix. As shown in Figure 5B , shDsc2 knockdown cells grew as large cellular aggregates when compared with control cells, suggesting that loss of Dsc2 may confer invasive capabilities to nontumorigenic colonic epithelial cells.
Given our in vitro findings that cells lacking Dsc2 exhibited features of invasive cells, we examined the in vivo tumorigenicity of control and shDsc2 knockdown cells using immunodeficient Rag1 −/− mice. Mice were injected subcutaneously with 1 × 10 6 control or shDsc2 cells and monitored for tumor formation. At 3 wk postinjection, the mice were killed and tumor burden was assessed. As expected, mice injected with control cells did not develop tumors ( Figure 5C , top). In contrast, large tumors grew in mice injected with cells lacking Dsc2 ( Figure 5C , middle). On histologic examination, the shDsc2-derived growths showed evidence of tumor formation with characteristic features of a poorly differentiated carcinoma (Figure 5D ). Thus these data support the hypothesis that loss of Dsc2 promotes tumor growth.
Our studies in vitro demonstrated that cells lacking Dsc2 are sensitive to Akt inhibition. To determine whether the in vivo growth of these cells was also dependent on Akt signaling, we assessed the effect of Akt inhibition on tumor growth in Rag1 −/− mice. Mice were injected with control or shDsc2 cells (1 × 10 6 ) and monitored for tumor formation. At 16 d postinjection, palpable tumors were detected in all mice injected with shDsc2 cells, and no tumors were evident in mice injected with control SK-CO15 cells, supporting the findings highlighted in Figure 5 , C and D. Tumor-bearing mice were then treated with the Akt inhibitor triciribine (1 mg/kg) or DMSO. After 5 d treatment, mice were killed and tumor burden and histology analyzed. To assess the effect of Akt inhibition on tumor size, in vivo images documenting tumor size were obtained immediately before treatment ( Figure 5E , day 16) and compared with images phosphorylation site-specific antibodies. As shown in Supplemental Figure 5B , transient down-regulation of Dsc2 promoted the cytosolic and nuclear accumulation of p(Ser-552)-β-catenin. In addition, p(Ser-552)-β-catenin accumulated in the nucleus of stable Dsc2 knockdown cells, and this nuclear localization was inhibited by triciribine (Supplemental Figure 5C ). Furthermore, we observed that loss of Dsc2 led to an increase in inactivated GSK-3β (pGSK-3β; Supplemental Figures 4D and 5D ), which was reduced by treatment with triciribine. Interestingly, despite the Akt-mediated inhibition of GSK-3β, total levels of β-catenin were decreased in the stable Dsc2 knockdown cells compared with controls (Supplemental Figure 5D ). Taken together, these results suggest that Akt enhances β-catenin signaling in Dsc2-deficient cells by promoting the nuclear localization of active β-catenin without inducing accumulation of the total protein level of β-catenin.
Enhanced activation of the epidermal growth factor receptor promotes Akt/β-catenin signaling in Dsc2-deficient cells
Given the observed effects of Dsc2 loss on the activation of PI3K/ Akt signaling, we next sought to elucidate the mechanism by which Dsc2 regulates the activity of Akt. Previous studies have linked the desmosomal cadherins to the regulation of epidermal growth factor receptor (EGFR) signaling (Lorch et al., 2004; Getsios et al., 2009 ), a well-recognized activator of PI3K/Akt that has been shown to enhance the transcriptional activity of β-catenin (Lu et al., 2003; Hu and Li, 2010 ). Therefore we hypothesized that activation of EGFR may promote Akt/β-catenin signaling in Dsc2-deficient cells. To first examine whether EGFR activation could induce Akt/β-catenin signaling in SK-CO15 cells, we treated cells with EGF and assessed the effect on β-catenin-dependent transcription. Importantly, β-catenin signaling was increased in EGF-treated cells, an effect that was blocked by inhibition of EGFR using a specific inhibitor (GW2974) ( Figure 3A) . Importantly, similar results were observed following inhibition of PI3K (unpublished data) or Akt (Figure 3, A and B) . Next we assessed the total levels of EGFR in Dsc2-deficient cells by immunoblotting. As shown in Figure 3C , down-regulation of Dsc2 consistently increased the total level of EGFR. Furthermore, inhibition of EGFR diminished the activation of β-catenin following Dsc2 knockdown ( Figure 3D ), recapitulating the effects of PI3K or Akt inhibition. Taken together, these data suggest that enhanced activation of EGFR promotes Akt/β-catenin signaling in Dsc2-deficient cells.
Dsc2 loss enhances cell proliferation through an EgFR/ Akt/β-catenin-dependent mechanism
Because enhanced β-catenin activity is known to mediate epithelial proliferation Wong et al., 1996) , we next examined the effect of Dsc2 knockdown on cell proliferation. To assess proliferation, cells were transfected with control or Dsc2-specific siRNA and, 72 h after transfection, pulse-labeled for 1 h with a thymidine analogue 5-ethynyl-2′-deoxyuridine (EdU). As shown in Figure 4A , down-regulation of Dsc2 led to increased incorporation of EdU. This effect was also seen in cells with stable Dsc2 knockdown (unpublished data). Furthermore, simultaneous knockdown of β-catenin and Dsc2 prevented the increase in cell proliferation observed with Dsc2 down-regulation in stable ( Figure 4B ) and transient knockdowns (Supplemental Figure 6A) . These findings further support a role of β-catenin in promoting cell proliferation following Dsc2 down-regulation.
Because inhibition of either EGFR or Akt signaling reduced the transcriptional activity of β-catenin, we next determined whether the same treatments could also prevent the increase in cell prolif- obtained at the end of treatment ( Figure 5E , day 20). Fold change in tumor size was then estimated by calculating the total tumor area using ImageJ analysis software. As seen in Figure 5E , Akt inhibition markedly reduced the in vivo growth of tumors derived from shDsc2 SK-CO15 cells. Taken together with the in vitro studies, our findings suggest that the increased proliferation and tumor growth following Dsc2 down-regulation is mediated by activation of Akt/β-catenin signaling.
DISCUSSION
In this study, we report that loss of the desmosomal cadherin Dsc2 confers a tumorigenic phenotype to transformed colonic epithelial cells. Our data demonstrate that decreased expression of Dsc2 enhances β-catenin signaling and promotes proliferation of colonic epithelial cells. Furthermore, loss of Dsc2 enables cells to grow as tumors in immunodeficient mice, a phenomenon that is not observed in parental cell lines. Importantly, our results also identify activated Akt as a key component driving β-catenin-dependent transcription in Dsc2-deficient cells. Taken together, these data provide the first mechanistic evidence that loss of Dsc2 may contribute to the malignant transformation of intestinal epithelial cells and demonstrate a novel mechanism to explain the regulation of β-catenin signaling by desmosomal cadherin family members.
Dsc2 is the only desmocollin expressed by simple epithelial tissues such as the colon. Dsc2 loss or down-regulation has been observed in sporadic and inflammation-associated colonic adenocarcinomas (Khan et al., 2006) and in highly tumorigenic colonic adenocarcinoma cell lines (Funakoshi et al., 2008) . In support of FIguRE 4: Dsc2 loss enhances cell proliferation through an Akt-and β-catenin-dependent mechanism. (A) SK-CO15 cells were transfected with Dsc2-specific siRNA (siDsc2) in parallel with a nontargeting siRNA control. At 72 h posttransfection, cells were pulse labeled with EdU for 1 h and processed to detect incorporated EdU. Images were obtained using confocal microscopy, and the number of EdU-positive nuclei was scored. The histogram shows the mean ± SEM of EdU-positive nuclei from at least 10 different fields (EdU, red; nuclei, blue) (***p < 0.0002, Student's t test). (B) Stable shDsc2 knockdown and control cells were transfected with nontargeting or β-catenin-specific siRNA (siβ-catenin) and EdU incorporation assessed 48 h after transfection. Images were obtained using confocal microscopy, and the number of EdU-positive nuclei was scored. The histogram shows the mean ± SEM of the number of EdUpositive nuclei from at least 10 different fields (***p < 0. Control and Dsc2 stable knockdown clones were plated at equal density (10,000 cells per well) in a Matrigel matrix to assess three-dimensional growth. The Matrigel plugs were processed for immunofluorescence microscopy 72 h later. Images were collected from at least 10 fields per condition using a confocal microscope, and the size of each cell cluster was measured (actin, green; nuclei, blue) ( †p < 0. by immunoblotting, are unchanged in transient knockdown cells ( Figure 1A ) and are modestly decreased (by ∼20%) in stable shDsc2-expressing cells (unpublished data), which mirrors the effects we observed for total β-catenin levels. At the present time, it is not clear why there is a difference between transient and stable Dsc2 knockdown cells; however, these results suggest that decreased expression of E-cadherin in SK-CO15 cells may be a longer term consequence of loss of Dsc2.
Studies in the epidermis have suggested that Dsc proteins may regulate β-catenin signaling indirectly through effects on plakoglobin, a catenin family member that interacts with Dscs and may "compete" with and displace β-catenin from E-cadherin when plakoglobin is in excess (Zhurinsky et al., 2000; Miravet et al., 2003; Hardman et al., 2005) . However, simultaneous knockdown experiments in which Dsc2 and β-catenin or plakoglobin were down-regulated in SK-CO15 cells demonstrated that β-catenin but not plakoglobin knockdown completely abolished the activation of the β-catenin transcriptional reporter and reversed the proliferation phenotype of Dsc2-deficient cells (Figures 1F and 4B ; unpublished data).
Instead we observed that loss of Dsc2 induced the activation of serine/threonine kinase Akt, which has been shown to positively regulate β-catenin signaling in a number of cell types, including intestinal epithelial cells. Akt has been proposed to enhance β-catenin-dependent transcription through direct phosphorylation and activation of β-catenin (Ser-552) or through the inhibition of GSK-3β (Ser-9), a signaling component that is shared with the Wnt/ β-catenin pathway. In our study, activation of Akt in Dsc2-deficient cells was associated with an increase in the number of cells staining positively for phospho-β-catenin (Ser-552), an Akt phosphorylation site on β-catenin that is associated with enhanced β-catenin transcription (Fang et al., 2007; He et al., 2007) . Furthermore, we observed an enrichment of phospho-β-catenin (Ser-552) in the nucleus of mitotic cells (unpublished data), a phenomenon that has been reported previously for β-catenin (Kaplan et al., 2004; Zhang et al., 2010) . We also observed an increase in phosphorylation of the inhibitory Ser-9 residue of GSK-3β, which has been proposed to enhance β-catenin signaling by promoting the accumulation of β-catenin protein levels, in a manner analogous to Wnt-mediated GSK-3β inactivation (Desbois-Mouthon et al., 2001; Sharma et al., 2002; Naito et al., 2005; Mulholland et al., 2006) . Interestingly, despite the inhibition of GSK-3β, we observed a decrease in the total levels of β-catenin in stable Dsc2 knockdown cells, suggesting that Akt-mediated GSK-3β inhibition may promote the nuclear redistribution of β-catenin and enhance β-catenin-dependent transcription without inducing stabilization of total β-catenin protein levels. These findings are in agreement with a number of reports suggesting that it is the nuclear localization of β-catenin, rather than the total protein levels, that indicates enhanced transcriptional activity of β-catenin (Miller and Moon, 1997; Gottardi and Gumbiner, 2004; Maher et al., 2010) and signify that in addition to GSK-3β, other cellular components (e.g., cell-cell adhesion complexes) likely also influence the total levels of β-catenin in cells. Furthermore, our results also suggest that inhibition of GSK-3β by Akt may enhance β-catenin signaling in a more distinct manner than Wnt-mediated GSK-3β inactivation, even though this component is shared by both Wnt/β-catenin and Akt/β-catenin pathways (see Figure 6 ). Of note, while numerous reports have demonstrated a clear role for Akt activation in the regulation of β-catenin-dependent transcription, PI3K/Akt does not enhance the transcriptional activity of β-catenin in all cell types, suggesting that Akt/β-catenin signaling may occur in a tissue-and/or context-dependent manner (Ng et al., 2009 ). these findings, we also have observed decreased Dsc2 protein expression and/or diffuse membrane localization in moderately and poorly differentiated colonic adenocarcinomas ( Supplemental Figure 7) . Dsc2 and Dsc3 proteins, which are both expressed in stratified epithelial tissues, are down-regulated or mislocalized in breast, skin, esophageal, and hepatocellular carcinomas (Kurzen et al., 2003; Oshiro et al., 2005; Cao et al., 2007; Fang et al., 2010) . Decreased expression of Dsc3 in oral squamous cell carcinomas correlated with poor histological grade, lymph node metastasis, and altered localization of β-catenin (Wang et al., 2007) , and Fang et al. (2010) recently reported similar prognostic correlations for Dsc2 loss in esophageal carcinomas. These data suggest that loss of Dsc proteins may contribute to tumor formation and/or progression; however, no study to date has examined whether Dsc has a direct role in tumorigenesis.
Here we report that down-regulation of Dsc2 in a colonic epithelial cell line increased the activation of β-catenin/TCF signaling, enhanced cell proliferation, and conferred tumorigenic capacity to SK-CO15 cells. These findings are in agreement with a large body of evidence that strongly implicates aberrant activation of β-catenin signaling in the development and progression of colorectal cancers (Munemitsu et al., 1995; Korinek et al., 1997; Morin et al., 1997) . Importantly, increased activity of β-catenin/TCF transcription has been shown to drive cell proliferation by directly enhancing the expression of proproliferative target genes Tetsu and McCormick, 1999; Rimerman et al., 2000) , and activation of this pathway also contributes to cellular transformation and the acquisition of invasive properties Birchmeier et al., 1993; Shimizu et al., 1997) . Interestingly, Dsc2-deficient colonic epithelial cells appear to share similar properties to those described for colon cancer stem cells (hyperproliferation, activation of Akt/β-catenin, expression of putative stem cell markers such as CD44, and tumorigenic capability). It is tempting to speculate that loss or low levels of Dsc2 may play an important role in the maintenance of colon cancer stem cells (Vermeulen et al., 2008 (Vermeulen et al., , 2010 .
Germline or acquired somatic mutations in proteins of the Wnt/ β-catenin signaling pathway occur in the majority of colorectal cancers and interfere with β-catenin degradation (Fodde and Brabletz, 2007; Markowitz and Bertagnolli, 2009 ). However, Wnt-independent mechanisms are also known to regulate the activity of the β-catenin/ TCF transcriptional complex, including regulation by cell adhesion proteins, such as E-cadherin Jeanes et al., 2008) , as well as regulation by the serine/threonine kinase Akt (He et al., , 2007 Fang et al., 2007) , which has recently emerged as an important regulator of β-catenin transcriptional activity in the intestine (Vermeulen et al., 2008; Brown et al., 2010; Lee et al., 2010; Nava et al., 2010) .
As opposed to the extensively studied classical cadherin E-cadherin, the mechanism(s) by which the desmosomal cadherins regulate β-catenin signaling remain unclear. Unlike the findings on Ecadherin, our findings reveal that Dsc2 does not associate with β-catenin in colonic epithelial cells, indicating that activation of β-catenin is not due to "release" of this protein from a Dsc/β-catenin complex, as has been proposed for E-cadherin. Furthermore, the amount of β-catenin bound to E-cadherin does not appear to be altered in Dsc2-deficient cells (unpublished data), suggesting that the effects on β-catenin signaling are not due to changes in the interaction between E-cadherin and β-catenin. In addition, we have not detected a change in E-cadherin membrane localization by immunofluorescence/confocal imaging following Dsc2 down-regulation (unpublished data). The total levels of E-cadherin, as assessed lates the effect of Dsc2 down-regulation on β-catenin-dependent transcription and strongly supports a role for EGFR in the activation of Akt/β-catenin signaling in Dsc2-deficient cells. These findings complement a recent report linking increased desmosomal cadherin expression to the suppression of EGFR signaling in a model of epidermal differentiation (Getsios et al., 2009) .
Interestingly, activation of EGFR/Akt/β-catenin signaling appears to be specific to loss of Dsc2 rather than a general response to the disruption of desmosomal adhesion, as down-regulation of the related desmosomal cadherin Dsg2 does not appear to activate the same signaling cascade in SK-CO15 cells (unpublished data).
Finally, the mechanisms by which Dsc2 may be down-regulated in colorectal cancers are not well defined. Funakoshi et al. (2008) reported that loss of the intestinespecific homeobox transcription factor CDX2 correlated with loss of Dsc2 expression in colon cancer cell lines and that reexpression of CDX2 restored Dsc2 expression, suggesting that transcriptional regulation may lead to its down-regulation. In contrast, Khan et al. (2006) noted that loss of Dsc2 protein in colonic adenocarcinomas occurred without changes in mRNA levels, indicating changes in protein stability rather than transcriptional down-regulation. Furthermore, these authors found evidence of "Dsc switching" in colonic adenocarcinoma, as loss of Dsc2 was associated with increased expression of Dsc3. In our study, we found no evidence of Dsc3 protein or mRNA induction following down-regulation of Dsc2, suggesting that loss of Dsc2 is not sufficient to induce Dsc3 expression. Last, others have proposed that enhanced proteolytic cleavage of the extracellular domain of Dsc2 may contribute to its loss in transformed cells (Mathias et al., 2009) . While these studies provide important insight, additional work is required to better characterize the mechanisms regulating changes in Dsc expression during tumorigenesis.
Based on the data from the current study, a hypothetical model to explain how loss of Dsc2 contributes to tumor formation and growth can be proposed ( Figure 6A ). In this model, down-regulation of Dsc2 induces the activation of the EGFR, which stimulates PI3K activity and enhances PIP 3 levels. Akt is recruited to the membrane via interactions with PIP 3 and is activated by phosphorylation. Activated Akt phosphorylates and inhibits GSK-3β and phosphorylates β-catenin directly, increasing the nuclear localization and transcriptional activity of β-catenin. Interestingly, our data suggest that loss of Dsc2 may lead to activation of Akt/β-catenin signaling through the presence of "solitary" (Schmitt et al., 2007) or excess Dsg2, which has been shown to activate Akt Our data suggest that loss of Dsc2 may promote Akt/β-catenin signaling through the EGFR, which has been previously shown to regulate β-catenin-dependent transcription (Hu and Li, 2010) . We find that EGFR protein levels are increased following Dsc2 downregulation ( Figure 3C ) and that inhibition of EGFR diminishes the activation of β-catenin-dependent transcription and cell proliferation following Dsc2 knockdown ( Figure 3D ; Supplemental Figure  6B ). Furthermore, treatment of SK-CO15 cells with EGF enhances β-catenin signaling, an effect that is diminished by treatment with EGFR, PI3K, and Akt inhibitors or by targeted depletion of Akt using siRNA (Figure 3, A and B) . Thus EGFR activation by EGF recapitu- Akt is recruited to PIP 3 -rich regions of the plasma membrane via its pleckstrin homology domain, where it is activated by phosphorylation at residues Ser-473 and Thr-308. Active Akt has been shown to enhance β-catenin signaling either by phosphorylation of GSK-3β at Ser-9 or by directly phosphorylating β-catenin at Ser-552. Note that GSK-3 is also part of the β-catenin destruction complex of the Wnt pathway. (C) Wnt/β-catenin signaling. In the absence of a Wnt signal, β-catenin is bound by the destruction complex and targeted for degradation (not depicted). In the presence of Wnt ligands, Wnt binds to the Frizzled (Fz) and LRP coreceptors, leading to the dissociation of the GSK-3-containing destruction complex from β-catenin and thereby promoting accumulation of β-catenin. Abbreviations: CK, casein kinase; Dvl, Dishevelled; EGFR, epidermal growth factor receptor; Fz, Frizzled; GSK-3, glycogen synthase kinase 3; LRP, low-density lipoprotein receptor-related protein.
cell line (unpublished observations). Confluent epithelial cultures were analyzed. Each experiment was performed at least three times.
Akt, PI3K, and EgFR inhibitors
AKT inhibition was achieved using the AKT inhibitor (final 10 μM), triciribine (Inhibitor V, 35943-35-2; Calbiochem, Darmstadt, Germany) (Yang et al., 2004; Cheng et al., 2005) , or the PI3K inhibitor LY294002 (final 20 μM) (L9908; Sigma-Aldrich). EGFR inhibition was achieved using the specific inhibitor GW2974 (final 2.5 μM) (Sigma-Aldrich). Briefly, after Dsc2 knockdown, medium was replaced with DMEM containing 1% fetal calf serum (FCS) with vehicle alone (DMSO) or the inhibitor and cells were maintained for an additional 12-48 h before processing and analysis.
Immunoblotting
Confluent monolayers were washed two times with Hank's balanced salt solution + (HBSS + ) on ice and collected in lysis buffer (20 mM Tris, 50 mM NaCl, 2 mM EDTA, 2 mM EGTA, 1% sodium deoxycholate, 1% Triton X-100, and 0.1% SDS, pH 7.4), containing a proteinase inhibitor cocktail (1:100, Sigma). Lysates were then cleared by centrifugation (30 min at 140,000 × g) and immediately boiled in SDS sample buffer. Gel electrophoresis and immunoblotting were conducted by standard methods with 10-20 mg protein per lane.
Immunofluorescence microscopy
Confluent monolayers were fixed/permeabilized in 3.7% paraformaldehyde (10 min at room temperature [RT]) followed by 0.5% Triton X-100 in HBSS + (30 min at RT) or in ice-cold absolute ethanol (20 min at -20°C). Frozen sections (6 mm) of normal human colonic mucosa were fixed in absolute ethanol. Nonspecific protein binding was blocked in 3% bovine serum albumin in HBSS + (1 h at RT), incubated with primary antibodies (1 h at RT), washed in HBSS + , and subsequently labeled with secondary antibodies (1 h at RT). Nuclei were stained using To-Pro3-iodide (Invitrogen) in HBSS + (10 min at RT). Monolayers were mounted in 1:1:0.01 (vol/vol/vol) phosphatebuffered saline (PBS):glycerol:p-phenylenediamine, and they were visualized on a Zeiss LSM 510 Meta Confocal microscope (Carl Zeiss Microimaging, Thornwood, NY).
β-Catenin/TCF transcriptional reporter assay (TOP Flash)
In vitro activation of β-catenin was assessed using the optimized reporter kit for β-catenin/TCF (Upstate Biotechnology, Charlottesville, VA). Briefly, SK-CO15 or Caco-2 cells were trypsinized and plated (60,000 cells/well) in 48-well plates. At 12 h after plating, cells were transfected with the reporter plasmid pTOPGlow (TOP) or the negative control pFOPGlow (FOP) along with TK Renilla (50:1 ratio) as an internal control. After 12 h, media was replaced with DMEM complemented with 1% FCS (time 0). TOP/FOP activities were measured with the Dual Luciferase Reporter Assay System (Promega, Madison, WI) at 48 h after transfection in the GloMax 96 Luminometer (Cat. no. E6511 and E6521) and normalized to Renilla to control for transfection efficiency. For EGF studies, cells were treated with 100 ng/ml EGF (BD Biosciences, MA), and luciferase activity was assessed 4-6 h posttreatment.
PIP 3 isolation and detection
PIP 3 levels were determined using the commercially available PIP 3 Mass Strip Kit from Echelon Biosciences (Salt Lake City, UT).
Nuclear and cytosolic cellular fractionation
Cytosolic and nuclear fractions of SK-CO15 cells were isolated using the commercially available NE-PER Nuclear and Cytoplasmic (Brennan et al., 2007; our unpublished data) . Although not addressed in the work presented here, in addition to promoting β-catenin signaling and cell proliferation, active Akt also phosphorylates other downstream targets, which are known to promote the survival of tumor cells (dashed arrows). These prosurvival effects of Akt may also contribute to the enhanced tumorigenicity of Dsc2-deficient SK-CO15 cells by allowing the cells to "seed" a tumor in vivo.
In summary, this work defines a mechanistic role for Dsc2 in the progression of colorectal cancer and identifies Akt as a novel link between the desmosomal cadherins and β-catenin signaling.
MATERIALS AND METHODS
Cell culture and antibodies
The transformed human intestinal epithelial cell lines SK-CO15 and Caco-2 were grown in high glucose (4.5 g/l) DMEM supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100 mg/ml streptomycin, 15 mM HEPES (pH 7.4), 2 mM l-glutamine, and 1% nonessential amino acids as previously described (Ivanov et al., 2007) . The following primary polyclonal antibodies (pAb) and monoclonal antibodies (mAb) were used to detect proteins by immunofluorescence labeling and/or Western blotting: anti-desmocollin 2/3 mAb, clone 7G6 (kind gift from K. Green, Northwestern University, Evanston, IL); anti-actin, tubulin, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) pAbs (Sigma-Aldrich, St. Louis, MO); anti-desmoglein 2 mAb, clone AH12.2 (generated in-house); anti-E-cadherin mAb, clone HECD-1 (hybridoma supernatant; a generous gift from A.S. Yap, University of Queensland, Australia); anti-β-catenin mAb and anti-JAM-A pAb (Zymed Laboratories, South San Francisco, CA); anti-CD44 mAb, clone BBA10 (R&D Systems); pAkt (Ser-473), pAkt (Thr-308), pGSK-3β (Ser-9), and p-β-catenin (Ser-552) pAbs (Cell Signaling, Beverly, MA); anti-PML pAb (Abbiotec, San Diego, CA); anti-EGFR pAb (amino acids 961-972, ECM Biosciences, Versailles, KY); and Alexa 488-conjugated phalloidin (Invitrogen, Carlsbad, CA). Fluorophore-conjugated secondary antibodies were obtained from Invitrogen (Alexa Dye Series). Peroxidase-conjugated secondary antibodies were obtained from Jackson Laboratories (Bar Harbor, ME).
RNA interference reagents, transient transfection, and generation of stable cell lines siGENOME SMARTpool siRNA for human Dsc2, β-catenin, E-cadherin, and nontargeting control were purchased from Dharmacon RNA Technologies (Lafayette, CO). Akt1-and Akt2-specific siRNAs were purchased from Sigma and shRNA against Dsc2 or empty vector was obtained from Open Biosystems (Huntsville, AL). SK-CO15 cells cultured to 60-70% confluence were transfected with the reagents at a final concentration of 20 nM by using Lipofectamine 2000 (Invitrogen). The cells were incubated for an additional 2-3 d after transfection to allow for sufficient knockdown of the target proteins. To generate stable cell lines, SK-CO15 cells were transfected with control (empty vector with puromycin resistance cassette) or a Dsc2-specific shRNA plasmid (also puromycin resistant) and grown in the presence of puromycin to select for transfected cells. Monoclonal cell populations were isolated by limiting dilution, and clones were chosen for further analysis based on the efficiency of Dsc2 down-regulation by immunoblot analysis. β-Catenin + Dsc2 knockdown was achieved by cotransfecting siRNA targets for β-catenin and Dsc2 together or β-catenin siRNA in the shRNA Dsc2 stable cell line. Akt knockdown studies were performed using a combination of siRNAs targeting both Akt1 and Akt2 isoforms, which are the two major Akt isoforms expressed in colonic epithelial cells, including the SK-CO15 Extraction Reagents from ThermoScientific (Rockford, IL), following the manufacturer's protocol.
Edu incorporation assay
Cells were grown to confluence on glass coverslips and pulse labeled with EdU (10 nM) for 1 h. Processing was carried out as described by the manufacturer (Invitrogen, Click-iT EdU). Nuclei were counterstained with TOPRO, mounted in standard mounting media, and imaged by fluorescence microscopy.
3-Dimensional growth in Matrigel invasion assay
Cells were plated at equal density (10,000 per well) in matrix solution (Matrigel; BD Biosciences, Franklin Lakes, NJ) and incubated at 37°C. At 72 h after plating, Matrigel plugs were washed, fixed with 3.7% formaldehyde, and permeabilized with 5% Triton X-100. Plugs were then processed for imaging by immunofluorescent labeling/ confocal microscopy.
Tumor formation in Rag1
−/− mice Rag1 homozygous knockout mice were used to assay tumorigenicity in vivo. Control or shDsc2-expressing cells were grown to logarithmic growth phase, harvested, washed, and resuspended in PBS for injection. Each cell line (1 × 10 6 cells in 150 μl PBS) was injected subcutaneously into the dorsum of Rag1 −/− mice. Tumor formation was monitored daily. All mice were killed at 3 wk, and tumors were immediately isolated and analyzed. For Akt inhibition studies, the Akt inhibitor triciribine (1 mg/kg) or DMSO was administered daily via intraperitoneal injection for the indicated time. After treatment, all mice were killed and tumors were isolated and processed for histology. All animal experiments were performed in accordance with protocols approved by the Emory University School of Medicine Institutional Review Board.
In vivo imaging
Images documenting tumor growth were obtained using the Kodak In-Vivo Multispectral System FX.
Statistics
Statistical analysis was carried out using GraphPad PRISM software.
